We present results of a numerical calculation of lattice QCD with two degenerate flavors of dynamical quarks, identified with up and down quarks, and with a strange quark treated in the quenched approximation. The lattice action and simulation parameters are chosen with a view to carrying out an extrapolation to the continuum limit as well as chiral extrapolations in dynamical up and down quark masses. Gauge configurations are generated with a renormalization-group improved gauge action and a mean field improved clover quark action at three values of ␤ϭ6/g 2 , corresponding to lattice spacings of aϷ0.22, 0.16 and 0.11 fm, and four sea quark masses corresponding to m PS /m V Ϸ0.8, 0.75, 0.7 and 0.6. The sizes of lattice are chosen to be 12 3 ϫ24, 16 3 ϫ32 and 24 3 ϫ48 so that the physical spatial size is kept constant at LaϷ2.5 fm. Hadron masses, light quark masses and meson decay constants are measured at five valence quark masses corresponding to m PS /m V Ϸ0.8, 0.75, 0.7, 0.6 and 0.5. We also carry out complementary quenched simulations with the same improved actions. The quenched spectrum from this analysis agrees well in the continuum limit with the one of our earlier work using the standard action, quantitatively confirming the systematic deviation of the quenched spectrum from experiment. We find the two-flavor full QCD meson masses in the continuum limit to be much closer to experimental meson masses than those from quenched QCD. When using the K meson mass to fix the strange quark mass, the difference between quenched QCD and experiment of 2.6 Ϫ0.9 ϩ0.3 % for the K* meson mass and of 4.1 Ϫ1.6 ϩ0.5 % for the meson mass is reduced to 0.7 Ϫ1.7 ϩ1.1 % and 1.3 Ϫ2.5 ϩ1.8 % in full QCD, where the errors include estimates of systematic errors of the continuum extrapolation as well as statistical errors. Analyses of the J parameter yield a similar trend in that the quenched estimate in the continuum limit J ϭ0.375 Ϫ0.009 ϩ0.039 increases to Jϭ0.440 Ϫ0.031 ϩ0.061 in two-flavor full QCD, approaching the experimental value J Ϸ0.48. We take these results as manifestations of sea quark effects in two-flavor full QCD. For baryon masses full QCD values for strange baryons such as ⌶ and ⍀ are in agreement with experiment, while they differ increasingly with decreasing strange quark content, resulting in a nucleon mass higher than experiment by 10% and a ⌬ mass by 13%. The pattern suggests finite size effects as a possible origin for this deviation. For light quark masses in the continuum limit we obtain m ud MS (2 GeV)ϭ3. to the values in quenched QCD. We also present results for decay constants where large scaling violations obstruct a continuum extrapolation. The need for a nonperturbative estimate of renormalization factors is discussed.
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I. INTRODUCTION
The mass spectrum of hadrons represents a fundamental manifestation of the long-distance dynamics of quarks and gluons governed by QCD. Non-perturbative calculations through numerical simulations on a space-time lattice ͓1͔ provide a method to obtain this quantity from the QCD Lagrangian without approximations. Such calculations also lead to a determination of the light quark masses ͓2͔, which are fundamental constants of nature and yet not directly measurable in experiments. These reasons underlie the large number of attempts toward the hadron spectrum carried out since the pioneering studies of Ref. ͓3͔ .
Most of these calculations employed the quenched approximation of ignoring the dynamical effects of sea quarks, since dynamical quark simulations place quite severe demands on computational resources. Significant advance has been made over the years within this approximation. In particular, Weingarten and collaborators ͓4͔ made a pioneering attempt toward a precision calculation of the spectrum in the continuum limit through control of all systematic errors other than quenching within a single set of simulations.
This approach was pushed further in Ref.
͓5͔ where the precision of the calculation reached the level of a few percent for hadron masses. Scrutinized with this accuracy, the quenched hadron spectrum shows a clear and systematic deviation from experiment; when one uses , and K meson masses as input to fix the physical scale and light quark masses, the K*ϪK hyperfine splitting is too small by about 10% compared to the experimental value, the octet baryon masses are systematically lower, and the decuplet baryon mass splitting is smaller than experiment by about 30%.
Clearly further progress in lattice calculations of the hadron mass spectrum requires a departure from the quenched approximation. In fact simulations of full QCD with dynamical quarks have a long history ͓6-15͔, leading up to the recent efforts of Refs. ͓16 -19͔. In contrast with quenched simulations, however, no attempt to control all of the systematic errors within a single set of simulations has been made so far. Except for the work of the MILC Collaboration ͓15͔, employing the Kogut-Susskind quark action, previous calculations have been restricted to a few quark masses within a small range and/or a single value of the lattice spacing. Furthermore, until recently, statistics have been rather limited due to the limitation of available computing power.
In the present work, we wish to advance an attempt toward simulations of full QCD which includes extrapolations to the chiral limit of light quark masses and the continuum limit of zero lattice spacing. This is an endeavor demanding considerable computing resources, which we hope to meet with the use of the CP-PACS parallel computer with a peak speed of 614 GFLOPS developed at the University of Tsukuba ͓20,21͔. We explore, as a first step toward a realistic simulation of QCD, the case of dynamical up and down quarks, which are assumed degenerate, treating the strange quark in the quenched approximation. Preliminary results of the present work have been reported previously ͓22͔.
A crucial computational issue in this attempt is how one copes with the large amount of computation necessary in full QCD, and still covers a range of lattice spacings required for the continuum extrapolation. We deal with this problem with the use of improved lattice actions, which are designed to reduce scaling violations, and hence should allow a continuum extrapolation from coarse lattice spacings.
In Ref.
͓23͔ we have carried out a preparatory study on the efficiency of improved actions in full QCD. Based on the results from this study we employ a renormalization group improved action ͓24͔ for the gauge field and a mean field improved Sheikholeslami-Wohlert clover action ͓25͔ for the quark field. With these actions, hadron masses show reasonable scaling behavior and the static quark potential good rotational symmetry, at a coarse lattice spacing of aϷ0.2 fm, as compared to the range aՇ0.1 fm needed for the standard plaquette and Wilson quark actions. This leads us to make a continuum extrapolation from the range of lattice spacings aϷ0.2-0.1 fm.
Previous studies of finite size effects ͑see, e.g., Refs. ͓4,11,12͔͒ indicate that physical lattice sizes larger than La Ϸ2.5-3.0 fm are required to avoid size-dependent errors in hadron masses. Compromising on a lattice of physical size LaϷ2.5 fm leads to a 12 3 ϫ24 lattice at aϷ0.2 fm, and 24 3 ϫ48 at aϷ0.1 fm. Estimates of CPU time obtained in our preparatory study ͓23͔ show that simulations on such a set of lattices are feasible with the full use of the CP-PACS computer.
Since we employ the quenched approximation for a strange quark, the calculation of the strange spectrum requires the introduction of a valence strange quark which only appears in hadron propagators. We generalize this treatment and analyze hadron masses as functions of valence and sea quark masses regarded as independent variables. The benefit of this approach is that it gives us better control over the whole spectrum ͑strange and non-strange͒ and its cross-over from quenched to full QCD when the mass of the underlying sea quark is decreased.
There are a number of physics issues we wish to explore in our full QCD simulation. An important question is whether effects of dynamical quarks can be seen in the light hadron spectrum. In particular we wish to examine if and to what extent the deviation of the quenched spectrum from experiment established in our extensive study with the standard plaquette and Wilson quark actions ͓5͔ can be explained as effects of sea quarks. Answering this question requires a detailed comparison with hadron masses in quenched QCD for which we use the results of Ref. ͓5͔. We also carry out a set of new quenched simulations with the same renormalization-group-͑RG-͒improved gluon action and the clover quark action as employed in the simulation of full QCD in order to make a point-to-point comparison of full and quenched QCD at the same range of lattice spacings.
Another question concerns light quark masses. Quenched calculations of light quark masses have made considerable progress in recent years ͓26 -29,5͔. It has become clear ͓5͔ that the quenched estimate for the strange quark mass extrapolated to the continuum limit suffers from a large systematic uncertainty of order 20% depending on the choice of hadron mass for input, e.g., K meson mass or meson mass. This is a reflection of the systematic deviation of the quenched spectrum from experiment. It is an important issue to examine how dynamical quarks affect light quark masses and resolve the systematic uncertainty of strange quark mass. A recent attempt at a full QCD determination of light quark masses ͓30͔ was restricted to a single lattice spacing. We extracted light quark masses through analyses of hadron mass data obtained in the spectrum calculation. The main findings of our light quark mass calculation have been presented in Ref. ͓31͔. We give here a more detailed report of the analysis and results.
Full QCD configurations generated in this work can be used to calculate a large variety of physical quantities and examined for sea quark effects. We have already pursued calculations of several quantities. Among these, the flavor singlet meson spectrum and its relation with topology and U(1) anomaly is of particular interest from the theoretical viewpoint, and preliminary results have been published in Ref. ͓32͔. Other calculations concern the prediction of hadronic matrix elements important for phenomenological analyses of the standard model. Results have been published for heavy quark quantities such as B and D meson decay constants ͓33,34͔ as well as bottomonium spectra ͓35͔. A report of the analysis of the light pseudoscalar and vector meson decay constants is included in this article.
The outline of this paper is as follows. We first describe details of the lattice action, the choice of simulation parameters and the algorithm for configuration generation in Sec. II. Measurements of hadron masses, the static quark potential and a discussion of autocorrelations are presented in Sec. III. In Sec. IV we discuss the procedure of chiral extrapolation. Section V contains the main results for the full QCD light hadron spectrum. In Sec. VI we then turn to a presentation of quenched QCD simulations with improved actions. This sets the stage for a discussion of sea quark effects which is contained in Sec. VII. Calculations of light quark masses are presented in Sec. VIII. Section IX contains a discussion of decay constants. Finally, we present our conclusions in Sec. X.
II. SIMULATION

A. Choice of improved lattice action
Based on our preparatory study in Ref. ͓23͔ we choose improved gauge and quark actions for full QCD configuration generation. The improved gluon action has the form
The coefficient c 1 ϭϪ0.331 of the 1ϫ2 Wilson loop W 1ϫ2 is fixed by an approximate renormalization group analysis ͓24͔, and c 0 ϭ1Ϫ8c 1 ϭ3.648 of the 1ϫ1 Wilson loop by the normalization condition, which defines the bare coupling ␤ ϭ6/g 2 . From the point of view of Symanzik improvement the leading scaling violation of this action is O(a 2 ), the same as for the standard action.
For the quark part we use the clover quark action ͓25͔ defined by S q ϭ ͚ , ͑4͒
where for the plaquette W 1ϫ1 the value calculated in oneloop perturbation theory ͓24͔ is substituted. This choice is based on our observation in Ref. ͓23͔ that the one-loop calculation reproduces the measured values well. Indeed, an inspection of Table XXIV in Appendix C shows that W 1ϫ1 in the simulations agrees with one-loop values with a difference of at most 8%. The agreement for c SW is not fortuitous; the one-loop value for the RG gauge action ͑1͒, which was calculated ͓36͔ after the present work was started, equals c SW ϭ1ϩ0.678/␤, which differs from our choice c SW ϭ1 ϩ0.631/␤ϩ . . . by only a few percent. We do not employ the measured plaquette for the clover coefficient, as prescribed by the usual mean field approximation, which would have required a time-consuming self-consistent tuning. The leading scaling violation with our choice of c SW is O(g 2 a).
B. Simulation parameters
The target of this work is a calculation of the two-flavor QCD light hadron spectrum in the continuum limit and at physical quark masses. For this purpose we carry out simulations at three lattice spacings in the range aϷ0.2-0.1 fm for continuum extrapolation, and at four sea quark masses corresponding to m /m Ϸ0.8-0.6 for chiral extrapolation for each lattice spacing. The simulation parameters are given in Table I .
We employ three lattices of size 12 3 ϫ24, 16 3 ϫ32 and 24 3 ϫ48 for our runs. The coupling constants ␤ϭ1.8, 1.95 and 2.1 are chosen so that the physical lattice size remains approximately constant at LaϷ2.5 fm. The resulting lattice spacings determined from the meson mass equal a ϭ0.2150(22), 0.1555(17) and 0.1076(13) fm or a Ϫ1 ϭ0.9177(92), 1.269(14) and 1.834(22) GeV.
We have also performed an initial run at ␤ϭ2.2 on a 24 3 ϫ48 lattice for which the lattice spacing turned out to be aϭ0.087 fm. The physical lattice size Laϭ2.08 fm is significantly smaller than the other three lattices. In order to avoid a different magnitude of possible finite size effects, we do not include data from this run when we make extrapolations to the continuum limit. They will be included in figures and tables for completeness, however. We carry out hadron mass analyses distinguishing the sea and valence quark hopping parameters sea and val . At each value of ␤, configurations are generated at four sea quark hopping parameters sea such that the mass ratio of pseudoscalar to vector mesons made of sea quarks takes m PS /m V Ϸ0.8, 0.75, 0.7 and 0.6. At each sea quark mass, hadron propagators are measured for five valence hopping parameters val with approximate ratios of m PS /m V Ϸ0.8, 0.75, 0.7, 0.6 and 0.5. The four heavier val coincide with those chosen for sea quarks.
A schematic representation of our choice on the (1/ sea ,1/ val ) plane is shown in Fig. 1 . The physical point is characterized by 1/ sea ϭ1/ val ϭ1/ ud for degenerate up and down quarks, and 1/ sea ϭ1/ ud and 1/ val ϭ1/ strange for strange quark, i.e., lying in the shaded region on the left hand side of the diagram. The additional points with 1/ val ϭV5 in the bottom part of the diagram are not directly needed in exploring the physical region. As we will see in Sec. IV, they help in the description of hadron masses as a combined function of sea and valence quark masses and are therefore indirectly useful for the extrapolation to physical points. Including them also keeps the possibility open for a future extension of the present work towards the chiral limit by adding the fifth sea quark and completing the grid of Fig. 1 .
Our choice of hopping parameters enables us to obtain the full strange and non-strange hadron spectrum in a sea of degenerate up and down quarks. If we denote with S a valence quark with val ϭ sea and with V a valence quark with val sea , we obtain mesons of the form SS, SV and VV and baryons of the form SSS, SSV, SVV and VVV.
C. Configuration generation
Configurations are generated for two flavors of degenerate quarks with the Hybrid Monte Carlo ͑HMC͒ algorithm. In To speed up the calculation we have implemented several improvements in our code. For the inversion of the quark matrix during the HMC update we use the even-odd preconditioned BICGSTAB algorithm ͓37͔. Test runs confirmed that the performance of this algorithm is better than that of the MR algorithm and that the advantage increases toward lighter quark masses ͓38͔. In a test run at m /m Ϸ0.7 we observed a 43% gain in computer time for the same accuracy of inversion compared to the MR algorithm.
As a stopping condition for the inversion of the equation D()GϭB during the fermionic force evaluation we use the criterion
with values of stop given in Table II where we also give the number of iterations necessary for the inversion. For the evaluation of the Hamiltonian we use a stricter stopping condition which is smaller by a factor of 10 8 than the one used for the force evaluation. With these stopping conditions, the Hamiltonian is evaluated with a relative error of less than 10
Ϫ10
. We have also checked that the reversibility over trajectories of unit length is satisfied to a relative level better than 10 Ϫ7 for the gluon link variables. Another improvement concerns the scheme for the integration of molecular dynamics equations. For our runs we have used the following three schemes.
͑a͒ The standard leap-frog integration scheme. The operator to evolve gauge fields and conjugate momenta by a step ⌬ in fictitious time can be written in the form
͑6͒
where the operator T P (⌬)ϭexp(⌬͚ i p i ‫ץ‬ i ) moves the gauge field U by a step ⌬, whereas the operator T Q (⌬) ϭexp"Ϫ⌬ ͚ i ‫ץ‬ i S(U,⌽)‫ץ/ץ‬p i … moves the conjugate momenta p by a step ⌬. The leap-frog integrator has an error of O(⌬ 3 ) for a single step and of O(⌬ 2 ) for a unittrajectory.
͑b͒ An improved scheme. The discretization error of the leap-frog integration scheme can be reduced by using an improved scheme. The simplest improvement has the form
͑7͒
This scheme has errors of the same order as the standard leap-frog scheme but the main contribution to the error is removed by the choice bϭ(3Ϫͱ3)/3 ͓39͔. Test runs have shown that ⌬ can be taken a factor 3 larger than for leapfrog without losing the acceptance rate for the heaviest sea quark. This leads to a gain of about 30% in computer time. The gain, however, decreases toward lighter quark masses, and the computer time required for the improved scheme at the lightest quark mass is roughly the same as for the standard leap-frog scheme ͑see parameters of the run at ␤ϭ1.8 and ϭ0.1464 in Table II͒. ͑c͒ Sexton-Weingarten scheme ͓39͔. In this scheme the evolution with the gauge field force ͚ i ‫ץ‬ i S g (U) is made with an n times smaller time step than that with the fermionic force ͚ i ‫ץ‬ i S f (U,⌽) according to
where
We have implemented a scheme for which both Eq. ͑8͒ and Eq. ͑9͒ are improved as in Eq. ͑7͒. For nϭ2 the time step ⌬ can be chosen 10% larger than in scheme ͑b͒ while maintaining a similar acceptance. However, this improvement is offset by an increase of a factor 4 in the number of operations for the gauge field force. This leads to an increase of 30% in the total number of operations at ␤ϭ1.8, ϭ0.1445. Hence the performance of scheme ͑c͒ is similar to the leap-frog scheme, as can be seen in Table II. The scheme employed for each run is listed in Table II.  After some trials on the smaller lattices (12  3 and 16 3 ) we found the scheme ͑b͒ to be most practical, and we used it for all the runs on the larger 24 3 lattices. The step size ⌬ for molecular dynamics has been chosen so that the acceptance ratio turns out to be 70-80 %.
Light hadron propagators are measured simultaneously with the configuration generation with a separation of 5 HMC trajectories. The number of measurements is given in Table II . We stored configurations with a separation of 10 HMC trajectories ͑at ␤ϭ1.8 and 1.95͒ or 5 HMC trajectories ͑at ␤ϭ2.1 and 2.2͒ on tapes for later measurement of other observables such as the topological charge and flavor singlet meson mass ͓32͔, quarkonium spectra ͓35͔ and the B meson decay constant ͓33,34͔.
In the last column of Table II , we list the number of configurations removed by hand because of the occurrence of exceptional propagators. We did not encounter exceptional configurations in full QCD where val ϭ sea . However, strange behavior of propagators did occur for the lightest valence quark mass for some configurations. We have re-moved all the propagators obtained on such configurations in order to allow a jack-knife error analysis.
Our criterion for removal of a configuration is a deviation of hadron propagator by more than 10 standard deviations from the ensemble average for at least one channel and at least one timeslice. The fraction of removed configurations drops from 1.2% at ␤ϭ1.8 to 0.1% at ␤ϭ2.1. No configurations needed to be removed at ␤ϭ2.2.
D. Coding and runs on the CP-PACS computer
We have spent much effort in optimizing the double precision codes for configuration generation on the CP-PACS computer as described in Ref. ͓40͔ . Actual runs took advantage of the partitioning capability of the CP-PACS, using 64 PU ͑processing units͒, 256 PU and 512 PU for the lattice size 12 3 ϫ24, 16 3 ϫ32 and 24 3 ϫ48, and executing runs at different values of sea at the same time. For some of the runs at smaller quark masses, which need longer execution times, we made two or more independent parallel runs which are combined for the purposes of measurements.
The CPU time needed per trajectory is listed in Table II . Converted to the number of days with the full use of the CP-PACS computer, the configuration generation took 10 days for ␤ϭ1.8 on a 12 3 ϫ24 lattice, 40 days at ␤ϭ1.95 on a 16 3 ϫ32 lattice, 186 days at ␤ϭ2.1 on a 24 3 ϫ48 lattice and 82 days on the same size lattice at ␤ϭ2.2. Adding 3 ϩ12ϩ46ϩ23 days for measurements of observables and 1 ϩ3ϩ6ϩ3 days for I/O loss, the entire CPU time spent for the simulations equals 415 days of the full operation of the CP-PACS computer.
III. MEASUREMENTS
A. Hadron masses
We employ meson operators defined by
where f and g are quark fields with flavor indices f and g, and ⌫ A represents one of the 16 spin matrices ⌫ A ϭI, ␥ 5 , i␥ ␥ 5 , ␥ and i͓␥ ,␥ ͔/2 of the Dirac algebra. Using these operators, meson propagators are calculated as
͑12͒
For the operator of octet baryons with spin Jϭ1/2 we use the definition
where a,b,c are color indices, Cϭ␥ 4 ␥ 2 is the charge conjugation matrix and ␣ϭ1,2 represents the z-component of the spin J z ϭϮ1/2. To distinguish ⌺ and ⌳-like octet baryons we antisymmetrize flavor indices, written symbolically as
where ͓ f g͔ϭ f gϪg f . The operator of decuplet baryons with spin Jϭ3/2 is given by
Writing out the spin structure (,␣) explicitly, we employ operators for the four z-components of the spin J z ϭϮ3/2, Ϯ1/2 defined as
where ⌫ Ϯ ϭ(␥ 1 ϯi␥ 2 )/2 and ⌫ 0 ϭ␥ 3 . Using operators defined as above, we calculate 8 baryon propagators given by
͑23͒
together with 8 antibaryon propagators similarly defined.
We average zero momentum hadron propagators over three polarization states for vector mesons, two spin states for octet baryons and four spin states for decuplet baryons ͑the latter break up into a pair of doublets under the hypercubic group, and hence the mass splitting between the two doublets provides a measure of violation of rotational symmetry; we do not explore this problem in this article͒. We also average the propagators for the particles with the ones for the corresponding antiparticles.
For each configuration quark propagators are calculated with a point source and a smeared source. For the smeared source we fix the gauge configuration to the Coulomb gauge and use an exponential smearing function (r) ϭA exp(ϪBr) for rϾ0 with (0)ϭ1. We chose A and B based on experiences from previous quenched measurements of the pion wave function ͓41͔ and from our preparatory full QCD study ͓23͔ and readjusted them by hand so that hadron effective masses reach a plateau as soon as possible on average. The values of A and B are given in Table III . Fit ranges ͓t min ,t max ͔ are determined by inspecting effective mass plots. As a general guideline, we choose the same value of t min for all quark masses for the same particle type and gauge coupling. However, since the approach to a plateau changes with the quark mass we allow for a small variation of t min . To be confident that contributions of excited states die out at t min we also consult effective masses from propagators with point and mixed sources. The upper end of the fit range, t max , is chosen to extend as far as the effective mass exhibits a plateau and the signal is not lost in the noise.
Hadron masses are derived from correlated fits to propagators with correlations among different time slices taken into account. We assume a single hyperbolic cosine for mesons and a single exponential for baryons. With a statistics of 4000-7000 HMC trajectories ͑corresponding to 80-140 binned configurations, see Sec. III D͒ for hadron propagators at ␤ϭ1.8, 1.95 and 2.1, the covariance matrix is determined well. Typically, the errors of eigenvalues of the covariance matrix are around 15%, and fits have a 2 /N DF around 1 and at most 3. For ␤ϭ2.2, however, where fewer configurations are available, eigenvalues of the covariance matrix have typical errors of 30%, and the correlated fits are less stable. For all the cases we also made uncorrelated fits and checked that masses are consistent within error bars.
Errors in hadron masses and in 2 /N DF are estimated with the jack-knife procedure with a bin size of 10 configurations or 50 HMC trajectories. A discussion of the choice of this bin size will follow in Sec. III D.
Resulting hadron masses are collected in Appendix A. There and in the following, lower case symbols are used for observables in lattice units, for which the lattice spacing a is not explicitly written.
B. Quark mass
Another quantity which can be obtained from meson correlation functions is the quark mass based on the axial vector Ward identity ͑AWI͒ ͓42,43͔. It is defined from matrix elements of the pseudoscalar density P and the fourth component of the axial vector current A 4 by the expression
where we employ the improved axial vector current In practice we extract the AWI quark mass from singleexponential fits to meson correlators. For the analysis of pseudoscalar masses we assume the form
which has already been described above. Keeping the value of m PS obtained from this fit, we make an additional fit to the correlator
where C A is the only fit parameter. The AWI bare quark mass before renormalization is then obtained through
Results for m AWI are given in Appendix A.
C. Static quark potential
We measure the temporal Using the fit parameters in Eq. ͑29͒, r 0 can be obtained from
We fit potential data to Eq. ͑29͒ and determine r 0 for several fitting ranges lying in the interval ͓R min ,R max ͔. Values of R min and R max are listed in Table IV . We take the average of fit results as central values for V 0 , ␣, and r 0 , and use the standard deviation as an estimate of the systematic error. Results of and r 0 are summarized in Table V .
D. Autocorrelations
The autocorrelation function of a time series of a variable f is defined as
where the unnormalized autocorrelation function is given by
The quantity relevant for the determination of the statistical error of f is the integrated autocorrelation time f int , defined as
The naive error estimate is smaller than the true error by a factor of ͱ2 f int . In numerical estimations of f int , the sum in Eq. ͑34͒ has to be cut off. It has been found to be practical ͓47͔ to calculate the sum self-consistently up to t Ϸ(4 -10) f int . A convenient quantity for this purpose is the cumulative autocorrelation time
which should run into a plateau for f cum (t)Ϸt/4-t/10. We calculate autocorrelation times for three different quantities:
͑i͒ The gauge action c 0 W 1ϫ1 ϩc 1 W 1ϫ2 . Measurements are made after every HMC trajectory.
͑ii͒ The number of iterations N inv for the inversion of the Dirac matrix during the HMC update. Since this quantity is governed by the ratio of the largest to the smallest eigenvalue of the Dirac matrix, it is expected to be the quantity which takes the longest simulation time to decorrelate. Measurements are made during every HMC trajectory.
͑iii͒ The effective pion mass m ,eff measured at the onset of a plateau. Measurements are made only after every 5th HMC trajectory.
Two examples for autocorrelation function and cumulative autocorrelation time are shown in Fig. 7 . The cumulative autocorrelation time shows a plateau around the expected region from which we estimate the integrated autocorrelation times f int given in Table VI . Values of f int are generally below 10 HMC trajectories for the runs at ␤р2.10. These numbers are significantly lower than initial estimates for the HMC algorithm ͓7͔ and also lower than estimates from recent simulations with the Wilson or clover fermion action ͓17,48͔. A possible reason might be coarser lattice spacings of our simulations compared to the studies mentioned above. It has also been noticed in Ref. ͓17͔ that autocorrelations appear to be weaker on larger lattices. Our lattice sizes in physical units are considerably larger than the ones in Refs. ͓17,48͔.
Another point of interest is the size of increase of the autocorrelation time with decreasing sea quark mass. For the gauge action and for N inv the autocorrelation time grows by about a factor of two in the range of simulated sea quark masses, whereas for the effective pion mass the situation is less clear. These observations are roughly consistent with the findings in Refs. ͓17,48͔.
A practical way to take into account autocorrelations in error analyses is to use the binning method. In Fig. 8 we show the increase of the relative error of the pion mass as a function of the bin size. The plotted error bars are determined by a jack-knife on jack-knife method. For this plot we have used uncorrelated fits to the pion propagator, since for larger bin sizes the number of configurations would not be large enough to reliably determine the covariance matrix for correlated fits. We observe that the error rises to a plateau which is about a factor ͱ2 f int larger than the naive error obtained with a unit bin size. From these and similar figures at other simulation parameters we find that a bin size of 10 configurations, equivalent to 50 HMC trajectories, covers all the autocorrelations we have examined while leaving a sufficient number of bins to allow correlated fits. We therefore employ this bin size in all error analyses.
IV. CHIRAL EXTRAPOLATIONS
The calculation of the physical hadron spectrum requires an extrapolation from simulated quark masses to the physical point. In order to make these extrapolations we have to fit hadron masses to a functional form chosen to express their chiral behavior. Hadron masses are functions of sea and val (i) , where iϭ1,2, . . . labels valence quarks. We take this into account by performing combined fits to all measured masses of a given channel.
The hopping parameter is not the only choice for the basic variable in these fits. Pseudoscalar meson masses can be employed as well for vector mesons and baryons. This has the advantage that only measured hadron masses are involved, and we employ this way of parametrizing vector meson and baryon masses. Pseudoscalar meson masses themselves, however, have to be expressed in terms of quark masses in order to fix the physical point in terms of quark masses.
A. Pseudoscalar mesons
Let us recall that the definition of quark mass suggested by a Ward identity for vector currents ͑VWI͒ has the form
where c is the critical hopping parameter at which the pseudoscalar meson mass vanishes. For a combined fit of pseudoscalar meson masses in terms of this ''VWI'' quark mass, we define sea and valence quark masses through
where val (i) denote for iϭ1,2 the hopping parameters of the valence quark and antiquark which make the meson. In the leading order of chiral perturbation theory the masses squared of pseudoscalar mesons are linear functions of the average quark mass. We therefore define an average valence quark mass through FIG. 7 . Two examples of autocorrelation function ͑lower symbols͒ and cumulative autocorrelation time ͑upper symbols͒ for N inv . Errors are determined with the jack-knife method. Also plotted are two lines y(t)ϭt/4 and y(t)ϭt/10 within which a plateau of cum (t) can be observed.
͑39͒
Figure 9 shows pseudoscalar meson masses as functions of 1/ val . We observe that partially quenched data ͑i.e.,VV and SV͒ lie along clearly distinct lines when the hopping parameter of sea quark sea is varied. Each of the partially quenched data are close to linear, but their slope shows a variation with sea . As illustrated in the insets, we also see that the VV and SV masses lie along slightly different lines, which means that masses depend on the individual valence quark masses m val(i) VWI in addition to their average. These features of pseudoscalar meson mass data lead us to adopt a fit ansatz which consists of general linear and quadratic terms in the valence quark mass and in the sea quark mass given by
VWI . ͑40͒ Figure 9 shows the fit with solid lines for the SS channel and with dashed ͑SV͒ or dot-dashed ͑VV͒ lines for partially quenched data. The lines follow the data well. We employ uncorrelated fits for chiral extrapolations even though data with common sea are expected to be correlated. Obtained values of 2 /N DF can therefore only be considered as rough guidelines to judge the quality of fits. Except for ␤ϭ1.8 where 2 /N DF ϭ4, we obtain values which are smaller than 1. Fit parameters c , b's for linear terms and c's for quadratic terms and 2 /N DF are given in Table VII . A different definition of quark mass suggested by a Ward identity for axial vector currents is given by Eq. ͑24͒. Since this is a measured quantity derived from meson propagators it depends on three hopping parameters, val (i) (iϭ1,2) of the valence quark and antiquark, and sea of the sea quark. We define
Pseudoscalar meson masses are expressed in terms of these quantities with the quadratic ansatz,
In contrast to Eq. ͑40͒, monomial terms in the sea quark mass are absent since pseudoscalar masses vanish in the chiral limit m val AWI ϭ0 for each value of the sea quark mass. Data of different degeneracies lie on common lines and therefore Table VII . Let us add that partially quenched chiral perturbation theory predicts that there are logarithmic corrections in the chiral expansion of pseudoscalar meson masses ͓49͔. Our data do not show clear evidence of such logarithms, possibly due to large values of sea quark mass which are limited to the range m PS /m V տ0.6 in the present simulation.
B. Vector mesons
Vector meson masses are fit in terms of measured pseudoscalar meson masses. We define
Vector meson masses as functions of val are shown in Fig.  10 . The general feature of the data is similar to the one for pseudoscalar mesons. We find, however, that the lines for VV and SV are indistinguishable. Hence, vector meson masses do not require terms in individual i 's. We therefore take a quadratic function in sea and val of the form
Fit lines describe data well as shown in Fig. 10 , and 2 /N DF is at most 1.4. Fit parameters and 2 /N DF are given in Table  VIII .
Chiral perturbation theory predicts ͓50͔ that the first correction to the linear term in has a non-analytic 3/2 power of . In order to examine if data show evidence for such a dependence, we attempt a fit of the form
The cross-term of the form sea val 1/2 gives rise to a term proportional to val 1/2 for the partially quenched case where sea is kept constant. This is similar to quenched QCD. Terms proportional to sea 1/2 are expected to be absent ͓51͔. In Fig. 11 we show lines for this alternative fit together with measured data. Because of the presence of the val 1/2 term, fit lines show a small increase close to the chiral limit of a valence quark when the difference between sea and valence quark is large. This is similar to the behavior observed for quenched QCD in Ref. ͓5͔. The amount of increase becomes smaller when sea and valence quarks have values closer to each other, and vanishes for full QCD.
Fit parameters and 2 /N DF are given in Table VIII . 2 /N DF is slightly smaller for the fit with Eq. ͑49͒ than the one with Eq. ͑48͒ but the difference between the two is not significant. We can therefore not answer the question whether a fit with power 3/2 or 2 is preferred. We employ Eq. ͑48͒ for main results and use Eq. ͑49͒ to estimate systematic differences arising from the choice of chiral fit form.
C. Baryons
Baryons are made from three valence quarks and hence their masses are expressed in terms of the three i 's and sea . In the measurements described in Sec. II B, however, at least two valence quarks are degenerate. We use 2 to stand for the pair of degenerate valence quarks and 1 for the third valence quark. For the decuplet baryons, masses can be expressed as a function of the average valence quark mass. Hence we define
and plot decuplet baryon masses as a function of val in Fig.  12 . The behavior of mass data is very similar to the one observed for vector meson masses with clearly distinguishable lines of variable slope for partially quenched data and stronger curvature for full QCD data. We therefore employ an ansatz of the same structure as for vector mesons which takes the form
As shown in Fig. 12 , data are fitted well with 2 /N DF of at most 0.35. Fit parameters and 2 /N DF are given in Table IX . Octet baryon masses are not simple functions of the average valence quark mass. This can be seen in Fig. 13 where we plot masses of ⌺-like octet baryons as a function of val defined in Eq. ͑50͒. The three sets of partially quenched data VVV, SVV and SSV lie along different lines. We also see a clear distinction between results for different sea quark masses.
We analyze octet baryon masses by using a formula in- spired by chiral perturbation theory ͓52͔. In the leading order, ⌺-like and ⌳-like octet baryon masses are parametrized as a function of quark masses with two constants b D and b 0 . We use these expressions for terms linear in the valence quark mass. For convenience we use a slightly different notation; the parameters
In order to describe the dependence on the sea quark mass we add linear terms in the sea quark mass, and terms quadratic in the sea and valence quark mass to incorporate curvature seen in mass data. The number of additional terms introduced by this procedure is limited by the requirement that m ⌳ ϭm ⌺ when 1 ϭ 2 . This leads to expressions for ⌺-like and ⌳-like baryons of the form Table X .
D. String tension and Sommer scale
In full QCD, gluonic quantities are still subject to chiral extrapolations through their indirect dependence on sea quark masses. We therefore perform such extrapolations on the parameters describing the static quark potential.
In Fig. 14 for extrapolations to the chiral limit. and 1/r 0 in the chiral limit are given in Table V .
V. FULL QCD LIGHT HADRON SPECTRUM
A. Determination of the physical points
Using the chiral fits of Sec. IV we determine the physical point of quark masses and the lattice spacing for each ␤. As experimental input we use M ϭ0.1350 GeV and M ϭ0.7684 GeV for the up-down quark sector. For the strange quark sector, we compare the two experimental inputs M K ϭ0.4977 GeV and M ϭ1.0194 GeV.
The two flavors of dynamical quarks in our simulation represent up and down quarks which are taken as degenerate. Hence we set val ϭ sea in Eq. ͑48͒ and determine the pion mass m in lattice units by solving the equation
for m . The rho meson mass in lattice units m is then found by inserting m into Eq. ͑48͒. The error is determined with the jack-knife procedure described in Appendix B. The result of m is used to set the lattice spacing a by identification with the physical value M . Lattice spacings obtained in this way are given in Table XI . Inserting m obtained just above into Eqs. ͑51͒ and ͑52͒ with i ϭ sea ϭm 2 , the masses of non-strange baryons N and ⌬ are determined.
We calculate the strange spectrum in two ways, using either the mass of K or meson as input. to obtain the rest of the spectrum.
In an alternative determination using the meson mass as input, we first calculate the mass of the ss meson by using Eq. ͑48͒ and solving the equation data at different lattice spacings together. Lines, obtained from Eqs. ͑48͒, ͑51͒ and ͑52͒, correspond to a partially quenched world with sea quarks equal to the physical up and down quarks.
B. Continuum extrapolation
In Fig. 16 We find that scaling violations are contained within acceptable limits. The largest scaling violation for mesons is observed in the K meson mass ͑using as input͒, which changes by 6% between aϭ0.22 fm and aϭ0.11 fm. The largest difference in baryon masses between these two lattice spacings occurs with ⌬ for decuplet baryons and with ⌶ ͑with K as input͒ for octet baryons, both amounting to 3%.
The RG-improved gluon action leads to scaling violation which starts with O(a 2 ). With our quark action, since the clover coefficient c SW is not tuned exactly at one-loop order, the leading scaling violation is O(g 2 a). Here g 2 is the renormalized coupling constant g MS 2 () ͓53͔ evaluated at a fixed scale , which is a constant. Higher order perturbative corrections of order g 4 a log a can be neglected because in our short range of lattice spacings log a is almost constant. Accordingly, we attempt continuum extrapolations by applying linear fits to the main data at three lattice spacings. We do not include results at ␤ϭ2.2 because of its smaller lattice size compared to the other runs. Lines from linear fits are plotted in Figs. 16, 17 and 18. The slopes of the fits are small; parametrizing the dependence on the lattice spacing as m ϭm cont (1Ϫ␣a), we find, using m K as input, typical values of ␣Ϸ0.02-0.04 GeV for mesons, ␣ϷϪ0.005 GeV for octet baryons and ␣Ϸ0.04-0.07 GeV for decuplet baryons.
The values of 2 for these fits are 2 /N DF Ϸ5 -7 for mesons, resulting in a goodness of fit QϷ1 -2%. The quality of fits is therefore marginal. Partly due to larger error bars, fits for baryons are better with 2 /N DF Ϸ2 corresponding to Q Ϸ15%. Having only three data points does not allow us to explore the magnitude of possible higher order terms of scaling violations. Hadron masses extrapolated to the continuum limit with linear fits are listed in Table XII. Let us also comment on the scaling behavior of the chiral extrapolation formulas such as Eq. ͑40͒ themselves. Examining the coefficients in Tables VII-X and multiplying with appropriate powers of lattice spacing to make them welldefined in the continuum limit, we find that the coefficients for Eqs. ͑48͒, ͑51͒ and ͑52͒, which express vector meson and baryon masses in terms of pseudoscalar meson masses, show reasonable scaling behavior. Care is needed in a similar inspection of the coefficients in Eqs. ͑40͒ and ͑44͒ for the pseudoscalar meson masses, since the bare quark mass used in these formulas should be converted to the renormalized quark mass at some scale . Furthermore, in the continuum limit Eq. ͑40͒ should converge to the same form as Eq. ͑44͒, without monomial terms in the sea quark mass, and hence we expect the coefficients b s and c s to vanish and c vv to be small. In addition to reasonable scaling behavior of other coefficients, we find these expectations also hold for our results in Table VII . One unexpected finding is a change of sign of the coefficients c v and c v Ј , which may represent actual scaling violation. The analysis here indicates the possibility of determining hadron masses as functions of quark masses in the continuum limit. Reliably fixing the coefficients, however, would require better precision of hadron mass data, particularly for quadratic and higher coefficients, which we leave for future studies.
C. Hadron spectrum in the continuum limit
We observe that meson masses in the continuum limit are quite close to experiment. When using K as input, the differences for K* and are 0.7% or 1.3%, respectively, which amount to 1.6 or 1.9 in terms of the statistical error. When using as input, the mass of the K* is within 0.2% of experiment while the K mass differs by 1.3% which is still within the statistical error. As we discuss in more detail in Sec. VII, these results are markedly improved from those of quenched QCD ͓5͔ which show deviation of about 10% from experiment.
The situation is different for baryon masses. As is seen with ⌶ and ⌺ in the octet in Fig. 17 and with ⍀ in the decuplet in Fig. 18 , there is good agreement with experimental masses when the strange quark content is high. The difference from experiment increases as strange quarks are replaced with up-down quarks, and the largest difference is observed for non-strange baryons; the nucleon mass is larger than experiment by 10% or 2.6 , and the difference for the ⌬ is 13% or 2.8 .
This pattern of disagreement with experiment appears to be present already at finite lattice spacings. Hence it is likely to be a systematic effect rather than a statistical fluctuation. A possible reason behind this is finite size effects arising from the lattice size of LaϷ2.5 fm. We expect lighter baryons made of lighter quarks to be affected more from these effects, which is consistent with the pattern we observe. A detailed investigation is needed, however, since finite size effects in full QCD can be quite complicated, arising from both sea and valence quarks wrapping around the lattice in the spatial directions.
We add a remark for strange baryons. Masses obtained using either K or as input ͑left and right panels in Figs. 17 and 18͒ differ at coarse lattice spacings. The difference decreases with lattice spacing, however, and almost disappears toward the continuum limit. This reassuring finding is connected with a good agreement of the strange meson spectrum with experiment in the continuum limit.
VI. QUENCHED QCD WITH IMPROVED ACTIONS
A. Purpose
Up to this stage we have discussed the two-flavor full QCD hadron spectrum. In order to analyze how dynamical sea quarks manifest their presence in the spectrum, we need to compare full QCD results with those of quenched QCD.
The quenched hadron spectrum has been examined in detail in Ref. We consider that a more direct comparison with a common choice of actions over a similar range of lattice parameters is desirable. Therefore we carry out a new set of quenched simulations with the same set of improved actions as employed for two-flavor full QCD.
B. Matching quenched and full QCD simulations
We use the string tension to match the scale of quenched QCD with that of full QCD, i.e., for each value of ␤ and sea at which full QCD simulations are made, we make a corresponding quenched run with ␤ chosen such that the string tension in lattice units takes the same value. This is carried out at four values of sea at ␤ϭ1.95 and at 2.1, and also at the chiral limit sea ϭ c at the two values of ␤ of full QCD. A summary of the 10 gauge couplings used for quenched simulations is given in Table XIII. In the same table we list measured string tensions, to be compared to the ones for full QCD in Table V . We also quote lattice spacings obtained using the rho meson mass as input.
Simulations are carried out using the same lattice size as the corresponding full QCD runs, namely 16 3 ϫ32 and 24 3 ϫ48. Physical lattice sizes vary therefore between La Ϸ2.6 fm and LaϷ3.5 fm.
C. Simulation details
Gauge configurations are generated with a combination of the 5-hit pseudo-heat-bath algorithm and the over-relaxation algorithm. The two algorithms are mixed in the ratio of 1:4 and the combination is called an iteration. For vectorization and parallelization of the simulation code, a 16-color algorithm is developed for the RG-improved gauge action.
We skip 100 iterations between two configurations for hadron propagator measurements. We check that this number of iterations is sufficient to regard the configurations as independent. We calculate hadron propagators over 200 configurations per gauge coupling. These statistics are comparable to the number of independent configurations in the full QCD runs.
The measurement procedure parallels the one for full QCD. Hopping parameters are chosen so that ratios m PS /m V for degenerate mesons match the ones of the corresponding full QCD run. For the quark matrix inversion we use the same set of stopping conditions and smearing parameters as the ones for corresponding full QCD runs. Masses are extracted from hadron propagators with smeared sources using correlated fits and fit ranges similar to those used for full QCD.
For chiral extrapolations we follow the strategy of fitting vector and baryon masses as a function of measured pseudoscalar masses, and these in turn as a function of valence which corresponds to Eq. ͑44͒ for full QCD. For vector mesons an inspection of mass data, plotted in Fig. 19 , shows that they are well described by a linear function. If we nevertheless perform a quadratic fit the coefficient of the quadratic term is ill defined with large error bars. We therefore employ fits with
as shown in Fig. 19 . Parameters of chiral fits to mesons with Eqs. ͑57͒, ͑58͒ and ͑59͒ are given in Table XIV .
Analysis of baryon masses proceeds in a similar way. For decuplet baryons we again find quadratic terms in quark masses to be unnecessary. Data for baryon masses together with fits are plotted in Figs. 20 and 21.
D. Results
Physical hadron masses are summarized in Table XV . They are plotted as a function of the lattice spacing in Fig. 22 for mesons and in Figs. 23 and 24 for baryons.
In the same figures we also plot hadron masses obtained with the standard action in Ref. ͓5͔. In this work, the analysis was made with two sets of functions for chiral extrapolation. The main method used functional forms predicted from quenched chiral perturbation theory. As an alternative method polynomial fits were also employed. It was found that results from the two methods are consistent with each other within errors after the continuum extrapolation. In particular, conclusions on the deviation of the quenched spectrum were not altered by two different methods. Since in this work we use polynomial fits for the analysis, we take hadron We perform continuum extrapolations of hadron masses for the improved action linearly in the lattice spacing in accordance with the leading scaling violation discussed in Sec. V B. Good 2 /N DF Ϸ1 are obtained for meson masses. Baryon mass data exhibit some scatter and as a result larger 2 /N DF are observed. The largest value, reached for the ⌶ baryon, is 2 /N DF ϭ2.8; hence we consider the scatter to be still within the limits of statistical fluctuations.
Comparing masses in the continuum limit, a good agreement is found between calculations with the standard and improved actions. All results are consistent within the statistical accuracy. This is a confirmation that the quenched light hadron spectrum deviates from experiment ͓5͔.
Meson masses from the two choices of actions both show very good scaling, and they are already in agreement even at finite lattice spacings. For baryons scaling behavior is improved for the improved action. This is in accordance with our initial study of action improvement ͓23͔, notwithstanding that this study was carried out for full QCD. The largest scaling violation in improved baryon masses is observed for the nucleon with a difference of 14% between a Ϫ1 Ϸ1 GeV and the continuum limit.
VII. SEA QUARK EFFECTS IN THE LIGHT HADRON SPECTRUM
A. Light meson spectrum
In Fig. 25 we compare the continuum extrapolation of vector meson masses using the K or meson mass as input TABLE XV. Meson and baryon masses at finite lattice spacings and in the continuum limit in quenched QCD. All masses are in GeV units. for full QCD and for the two quenched calculations. The deviation of the quenched spectrum from experiment is considerably reduced in full QCD. For the K* meson the deviation is reduced from 2.6% ͑3.1% with the standard action͒ to 0.7%, and for the meson from 4.1% ͑4.9%͒ to 1.3%, if the K meson mass is used as input. Using the meson mass as input, the difference in the K* meson is less than 1% for both quenched and full QCD, while the deviation for the K meson is reduced from 8.5% ͑9.7%͒ in quenched QCD to 1.3% in full QCD. We consider this improvement in the meson spectrum to be a manifestation of sea quark effects.
An important factor in reaching this conclusion is the continuum extrapolation. At finite lattice spacings the difference between full and quenched QCD is not obvious. At two coarse lattice spacings in particular, the two sets of data are roughly consistent. However, the trend towards the continuum limit is different. Full QCD leads to an increase for the K* and meson mass ͑decreasing for the K meson mass͒ in contrast to a flatter behavior in the quenched masses. A support that these trends are not just fluctuations is provided by the additional calculation at ␤ϭ2.2, showing higher ͑lower͒ lying values, as can be seen from small filled circles in Fig. 25 .
Let us discuss systematic errors which are relevant for this conclusion. In Fig. 26 we show how the K* meson mass changes when different functional forms are used for chiral extrapolation. Filled squares represent masses obtained using the fit with Eq. ͑49͒ instead of our standard analysis plotted with filled circles. There is a noticeable effect on the K* mass, which increases by 1% in the continuum limit. A similar effect is seen for the quenched data where we show results of Ref. ͓5͔ for two ways of chiral extrapolation. The trend remains, however, that the continuum value for full QCD lies much closer to experiment than in quenched QCD.
Another source of systematic errors is the continuum extrapolation. Within the small number of data points available for full QCD, we may estimate the upper error by making an extrapolation from the two points at ␤ϭ1.95 and 2.1, and the lower error by taking the value at ␤ϭ2.1. For the K* meson mass this yields m K * ϭ0.890(4) Ϫ9 ϩ15 GeV where the second error represents the systematic error estimated in this way. For a complementary analysis in the quenched simulation with the improved action, we make a linear fit to the five points with fine lattice spacings corresponding to the full QCD point at ␤ϭ2.1 for the upper error, and take the leftmost point with the finest lattice spacing for the lower error. We then obtain m K * ϭ0.873(2) Ϫ2 ϩ8 GeV.
Similar analyses lead to m ϭ1.007(7) Ϫ17 ϩ25 GeV and m K ϭ0.504(8) Ϫ25 ϩ25 GeV for full QCD compared to m ϭ0.977(4) Ϫ4 ϩ16 GeV and m K ϭ0.540(5) Ϫ18 ϩ6 GeV for quenched QCD with improved actions. Hence systematics of the continuum extrapolation are unlikely to annul a closer agreement of full QCD masses with experiment compared to quenched QCD.
In summary we find that effects of dynamical sea quarks are present beyond the systematic as well as statistical uncertainties in strange meson masses.
B. J parameter
A useful quantity to quantify sea quark effects in the meson sector is the J parameter ͓54͔ defined by 
where only valence quark masses are to be varied in the differentiation. In the real world this corresponds to a comparison between strange and non-strange mesons. The derivative in Eq. ͑60͒ can be replaced by a finite difference and an ''experimental'' value for J is then obtained as
We calculate J from fits to vector mesons as functions of pseudoscalar mesons in two different ways. In the first one we use combined fits with Eq. ͑48͒, keep sea fixed and calculate derivatives with respect to val . This leads to the curves shown on the left side of Fig. 27 . For the second method we employ separate partially quenched fits for each simulated sea quark. We use quadratic fit functions obtained from dropping all terms containing sea in Eq. ͑48͒. Results are plotted with filled symbols in Fig. 27 . They tend to scatter more since, in contrast to combined fits, no smoothness in the sea quark mass is imposed for separate fits. The two methods yield consistent results within at most two standard deviations, showing a trend of increase as the lattice spacing is reduced. At fixed lattice spacing, on the other hand, we do not see a clear dependence as a function of the sea quark mass.
On the right hand side of Fig. 27 we plot J at the physical point for quenched and two-flavor full QCD as a function of lattice spacing. For quenched QCD, the values do not show much variation, and a linear extrapolation to the continuum limit gives Jϭ0.375(9) Ϫ2 ϩ38 where the second error represents the systematic error estimated in the same way as in Sec. VII A. This is consistent with earlier observations of a too small value of J in quenched QCD.
Full QCD data at ␤ϭ1.8 and 1.95 do not differ much from this value. It is intriguing, however, that at ␤ϭ2.1 ͑and also ␤ϭ2.2) J is sizably larger. Consequently the continuum value of Jϭ0.440(15) Ϫ27 ϩ59 , estimated by a linear extrapolation, lies much closer to experiment.
C. Sea quark mass dependence
An interesting question with dynamical sea quark effects is how their magnitude depends on sea quark mass. We examine this point by calculating the mass ratio m K * /m for fixed valence quark masses as a function of sea quark mass.
The analysis proceeds in the following steps. We leave the sea quark mass parametrized by sea as a free parameter, and first determine the valence pion mass ''m '' and the rho meson mass ''m '' corresponding to a given ratio m PS /m V ϭ''m ''/''m '' which may be different from the physical one, e.g., m PS /m V ϭ0.5 in an example shown below. In the next step the strange pseudoscalar meson mass ''m ss '' is fixed by a phenomenological ratio
To be specific, for full QCD an interpolation to this ratio consists of solving the equation ''m ss ''
for ''m ss ''. Finally using ''m '' and ''m ss '' determined above, and setting val ϭ(''m 2 ''ϩ''m ss 2 '')/2 in Eqs. ͑48͒ or ͑59͒ we obtain the mass ''m K * '' of a fictitious K* meson. In this setup ''m '' is again used to set the scale by calculating the mass ratio ''m K * ''/''m '' . As a measure for the lattice spacing, ''m '' in lattice units is used for continuum extrapolation.
In Fig. 28 we illustrate the ratio ''m K * ''/''m '' as a function of m PS /m V of sea quarks when m PS /m V of the valence quarks is fixed to 0.5. Naively we would expect the points to be a smoothly decreasing function of m PS /m V , reaching the quenched value at m PS /m V ϭ1 corresponding to an infinitely heavy sea quark. In contrast to this expectation, but consistent with the findings for the J parameter, sea quark effects are almost constant up to m PS /m V Ϸ0.7-0.8, which roughly corresponds to the strange quark. This may be an indication that sea quark effects turn on rather rapidly when sea quark mass decreases below a typical QCD scale of a few hundred MeV.
VIII. LIGHT QUARK MASSES
Hadron mass calculations in lattice QCD provide us with a unique and model-independent way to obtain quark masses. The main findings of our light quark mass calculation have been presented in Ref. ͓31͔. We give here a more detailed account of the analysis and results. Since m ss 2 depends on the physical input, the strange quark mass also depends on this input, and we consider the two cases where the K meson mass and the meson mass are used as input. In an exact parallel with the average up and down quark mass, we calculate the strange quark mass with three definitions.
A. Extraction of quark masses
Bare quark masses are converted to renormalized quark masses in the modified minimal subtraction (MS) scheme at ϭ1/a by the use of one-loop renormalization constants and improvement coefficients, summarized in Appendix C. while the renormalized AWI quark mass is obtained with
.0006 Ӷ1 is negligible even for the strange quark, we have ignored this contribution. After conversion to the MS scheme we employ the three-loop beta function to run quark masses to a common scale of ϭ2 GeV. Numerical results are listed in Table XVI . 
B. Continuum results and systematic uncertainties
Quark masses are plotted as a function of the lattice spacing in Figs. 29 and 30 . In these figures we also show lines for continuum extrapolations performed for each definition of quark mass separately. For extrapolation we employ fits linear in the lattice spacing, corresponding to the leading order scaling violation. We only include data from runs at three lattice spacings for extrapolation, leaving the run at ␤ϭ2.2 for a cross-check. Results of these extrapolations are given in Table XVI .
For m ud scaling violations are very small if the AWI definition is used. The difference between the value at the coarsest lattice spacing and the continuum value from a linear extrapolation is only 1%. In contrast, the two other definitions show sizable scaling violations. The partially quenched quark mass at the coarsest lattice spacing is 20% higher than in the continuum limit while the VWI quark mass is lower by 34%. Furthermore, the VWI quark masses exhibit some curvature.
The situation is similar for the strange quark mass when the K meson mass is used as input. Scaling violations are small for the AWI quark mass, amounting to a value 3% higher at the coarsest lattice spacing than in the continuum limit. For the two VWI quark masses, on the other hand, this difference amounts to 15%. If the meson mass is used as input, scaling violations are larger. In this case even the AWI quark mass is 30% larger at the coarsest lattice spacing than in the continuum limit and for the two VWI quark masses the difference is as large as 45%.
Having data at only three lattice spacings, it is difficult to explore scaling violation for each definition of quark mass in further detail. An important observation for linear continuum extrapolation is the fact that the different fits to each definition converge in the continuum limit within two-sigma of statistics ͑see Table XVI͒. In particular, VWI quark masses, where the largest scaling violations are observed, are consistent with AWI masses, where scaling violations are generally small. This leads us to perform a further fit, linear in the lattice spacing and having a common continuum value. With such fits we obtain m ud ϭ3.44(9) with 2 /N DF ϭ2.9 and m s ϭ88.3(2.1) with 2 /N DF ϭ1.3 (K input͒ or m s ϭ89.5(4.3) with 2 /N DF ϭ3.0 ( input͒. These masses lie between the ones from individual fits and can be considered as a weighted average. We utilize these numbers for central values of quark masses.
The errors quoted above are only statistical. Systematic errors arise from the continuum extrapolation, the chiral extrapolation at each lattice spacing, and from the use of oneloop renormalization factors in relating the lattice values of quark masses to those for the continuum.
One way to examine systematic errors in the continuum extrapolation is to include higher order terms in the combined fits. Such fits, however, are unstable and do not lead to higher confidence levels, in particular for m ud . We therefore estimate uncertainties of the continuum extrapolation from the spread of values obtained by separate fits to data from the three definitions. Taking differences between the values from separate fits and that from the combined fit leads to the errors quoted in Table XVII .
We estimate the error from chiral extrapolation by changing the fit formula. The functional form used for the determination of physical points, and hence quark masses, is given with Eq. ͑48͒. Changing this to the alternative form of Eq. ͑49͒ has several effects which, combined together, lead to a decrease of the continuum value by 2-8 % from the main analysis. This is used as an estimate of the lower error. For the upper error we add cubic terms m 3 to the formulas ͑40͒ and ͑44͒ for pseudoscalar mesons as functions of quark masses. This results in an increase of the quark masses at each lattice spacing and also in the continuum limit.
Turning to the problem of renormalization factors, we list one-loop corrections in Table XXVI . Their contribution is at most 13% at the strongest coupling, and hence we may expect higher loop contributions to be smaller. Since a nonperturbative determination of the renormalization factors is yet to be made for our improved actions, we estimate effects of higher order corrections with a shift of the matching scale from ϭ1/a to ϭ/a, and with use of an alternative definition of the coupling given in Eq. ͑C3͒. The former leads to an increase by 2%, while the latter leads to a decrease of 5-7 %.
Finally we add the statistical and the systematic errors listed in Table XVII for the average up and down quark mass and
for the strange quark mass. These values are significantly smaller than the quenched estimates. They, however, are consistent with the lower bound derived from dispersion relations if uncertainties due to higher order corrections in the perturbative estimates of the dispersive integrals are taken into account ͓56͔.
C. Sea quark effects on light quark masses
In Figs Long dashed lines are from the combined fit for full QCD, for which the errors drawn in the continuum limit include the systematic errors. The continuum limits for quenched QCD are estimated with a combined linear continuum extrapolation. They are listed together with quark masses in full QCD in Table XVIII. Comparing the two quenched calculations of quark masses we first note that scaling violations are visibly reduced for the improved action. This is most noticeable for the strange quark mass where masses from improved actions show a flat dependence against the lattice spacing a, while they exhibit a sizable slope for the standard action. Nonetheless quark masses in the continuum limit from the two calculations are in good agreement.
This confirms an inconsistency of 20-30 % in the quenched estimate of the strange quark mass ͓5͔, depending on whether the K meson mass or the meson mass is used as input.
A comparison of full and quenched QCD establishes that the effect of dynamical quarks decreases estimates of quark masses. This point was previously argued from renormalization-group running of the gauge coupling and quark masses in Ref. ͓26͔. For two dynamical flavors examined in the present work m ud becomes smaller by about 25%. For the strange quark the decrease is 20-25 % using K as input, and 30-35 % for as input.
In two-flavor full QCD the strange quark mass is consistent between the two different inputs within the errors of 5-10 %. This is caused by a different amount of decrease between quenched and full QCD. Thus the inconsistency in the strange quark mass of quenched QCD almost disappears in the presence of two flavors of sea quarks. This is directly related to the finding in Sec. VII A that the KϪK* and the KϪ mass splittings show a close agreement with experiment while there is a clear discrepancy for quenched QCD.
IX. DECAY CONSTANTS
A. Pseudoscalar meson decay constants
The pseudoscalar decay constant f PS is defined from matrix elements of the axial vector current through the relation We include the O(a) improvement term in the axial vector current, and employ one-loop renormalization constants as described in Appendix C. The decay constant is evaluated from the formula
͑68͒
Here for m we substitute the VWI,PQ quark mass, superscripts l and s distinguish local and smeared operators, and various amplitudes are extracted in the following steps. The pseudoscalar mass m PS and the amplitude C P s are determined from
Values of m PS are listed in Appendix A. Keeping the mass fixed, we extract C P l and C A s from the fits
The chiral extrapolation of the decay constant is carried out in the same way as for vector meson masses. Hence we employ a combined fit in sea and valence quarks of the form,
where the 's have the same meaning as in Sec. IV B. Pseudoscalar decay constants together with fits with Eq. ͑73͒ are shown in Fig. 33 . Parameters of the fit are given in in physical units are finally calculated using the lattice spacing from the rho meson mass and are listed in Table XX .
The extraction of decay constants in quenched simulations is made similar to that in full QCD. For chiral extrapolation a simpler version of Eq. ͑73͒ ignoring sea quark mass dependence is used, and the quadratic term val 2 is dropped as linear fits already yield good 2 as illustrated in Fig. 34 . f and f K obtained from calculations in quenched QCD are quoted in Table XX .
In Fig. 35 we show the lattice spacing dependence of f and f K in full and quenched QCD. For a comparison we also include results obtained in quenched QCD with the standard action ͓5͔. The most noticeable point is large violation of scaling in full QCD. The values at the coarsest lattice spacing aϭ0.22 fm are 50% larger than that at the finest lattice spacing of aϭ0.11 fm. Scaling violation is milder for quenched QCD, but still decay constants at aϭ0.22 fm are 15% larger than those at aϭ0.11 fm.
The origin of large scaling violation in the pseudoscalar decay constant is not clear at present. Possible origins are contributions of higher order corrections in the renormalization factors and O(a) terms in the axial vector currents. A suggestive hint pointing toward these origins is provided by the ratio f K / f Ϫ1 for which such corrections may largely cancel out. As shown in Fig. 36 , one observes much reduced scaling violation for this quantity. Furthermore, a trend of increase toward the experimental value as effects of sea quarks are included is also apparent.
B. Vector meson decay constants
Vector meson decay constants are defined as
where ⑀ i is a polarization vector and m V is the mass of the vector meson. The numerical procedure employed to calculate vector meson decay constants parallels the one for pseudoscalar de- cay constants. As discussed in Sec. III A, the rho correlator with smeared source is fit with
which determines m V and C V s . Using m V as input we make fits to the correlator
where the amplitude C V l is the only fit parameter. Renormalized vector meson decay constants are then obtained through
where expressions for perturbative renormalization factors are given in Appendix C, and for m we substitute the VWI,PQ quark mass. We note in passing that we do not include the improvement term c V ‫ץ‬ T n in Eq. ͑C15͒, since the corresponding correlator has not been measured. For chiral extrapolations we again employ combined quadratic fits as defined by Eq. ͑73͒. These fits describe the data well, as shown in Fig. 37 . Fit parameters are given in Table  XIX . Vector meson decay constants obtained from quenched simulations are plotted in Fig. 38 . As for pseudoscalar decay constants they are well described by linear fits. Final values of F , F K * and F in physical units are listed in Table XX for both full and quenched QCD.
The lattice spacing dependence of F and F in full and quenched QCD is shown in Fig. 39 . We again include results obtained in quenched QCD with the standard action ͓5͔ for comparison. Vector meson decay constants in full QCD exhibit scaling violations similar to those found for pseudoscalar decay constants; e.g., F is 40% larger at a ϭ0.22 fm than at aϭ0.11 fm. Consequently, a continuum extrapolation poses similar difficulties as for pseudoscalar decay constants. Since scaling violation is similar in vector and pseudoscalar decay constants, one may examine the ratio of F to f . The lattice spacing dependence is much reduced for this quantity ͑see Fig. 40͒ , and F / f is consistent with experiment within the error of 5-10 %. In contrast to pseudoscalar decay constants, sea quark effects are not apparent.
C. Non-perturbative renormalization factors for vector currents
For the clover quark action one can define a conserved vector current which reads
The non-renormalization of this current can be used to obtain a non-perturbative estimate of the renormalization constant for the local current ͓57,58͔ according to the relation, 
The non-perturbative renormalization factors obtained from Eq. ͑79͒ and extrapolated to zero quark mass are plotted as a function of the gauge coupling constant in Fig. 41 . In the same figure we also plot mean-field improved one-loop perturbative renormalization factors as calculated in Appendix C. Non-perturbative values of Z V are significantly smaller than those obtained from perturbation theory. This may be partly due to corrections of O(a) which are necessarily included in Z V calculated from Eq. ͑79͒ ͓57-59͔.
In Fig. 42 we compare F determined with either perturbative or non-perturbative renormalization factors. We observe that decay constants calculated with Z V NP exhibit a much flatter behavior as a function of the lattice spacing. We take this as an encouraging indication that a further study with non-perturbative renormalization factors will help moderate an apparently large scaling violation in the pseudo- scalar and vector decay constants. We do not quote the continuum values of the decay constants here since taking the continuum extrapolation reliably would require such an improvement.
X. CONCLUSIONS
In this article we have presented a simulation of lattice QCD fully incorporating the dynamical effects of up and down quarks. A salient feature of our work, going beyond previous two-flavor dynamical simulations, is an attempt toward continuum extrapolation through generation of data at three values of lattice spacings within a single set of simulations. In order to deal with the large computational requirement that such an attempt entails, we have used improved quark and gluon actions. This has allowed us to work with lattice spacings in the range aϷ0.22Ϫ0.11 fm, which is twice as coarse as the range aՇ0.1 fm needed for the standard plaquette gluon and Wilson quark actions. Still, this work would have been difficult without the CP-PACS computer with a peak speed of 614 GFLOPS. With a typical sustained efficiency for configuration generation of 30-40 %, the total CPU time spent for the present work equals 415 days of saturated use of the CP-PACS, of which 318 days were for configuration generation and 84 days for measurements.
A major physics issue we addressed with our simulation was the origin of a systematic discrepancy of the quenched spectrum from experiment ͓5͔. Our new quenched simulation employing the same improved actions as for full QCD has quantitatively confirmed the results of Ref. ͓5͔ for both mesons and baryons.
For mesons, masses in two-flavor full QCD become much closer to experiment than those in quenched QCD. Using the K meson mass to fix the strange quark mass, the difference between quenched QCD and experiment of 2.6 Ϫ0.9 ϩ0.3 % for the K* meson mass and of 4.1 Ϫ1.6 ϩ0.5 % for the meson mass is reduced to 0.7 Ϫ1.7 ϩ1.1 % and 1.3 Ϫ2.5 ϩ1.8 % in full QCD. When the meson mass is used as input, the difference in the K* meson mass is less than 1% for both quenched and full QCD, while the deviation from experiment for the K meson mass is reduced from 8.5 Ϫ3.8 ϩ1.6 % in quenched QCD to 1.3 Ϫ5.3 ϩ5.3 % in full QCD. Similarly the J parameter takes a value J ϭ0.440 Ϫ0.031 ϩ0.061 in two-flavor full QCD, which is much closer to the experimental value JϷ0.48 compared to J ϭ0.375 Ϫ0.009 ϩ0.039 in quenched QCD. We take these results as evidence of sea quark effects in the meson spectrum.
A common point in reaching this conclusion is the importance of continuum extrapolation. Differences between quenched and full QCD meson masses are less obvious at finite lattice spacings but the slope of the continuum extrapolation is different between them. Unexpectedly, the scaling violation for full QCD is apparently larger than for quenched QCD with the same improved actions. A possible origin of this feature is the common choice of c SW we made for the two cases while the correct c SW necessary to remove O(a) scaling violations need not be the same.
Full QCD baryon masses exhibit the pattern that the difference from experiment increases with decreasing strange quark content. While masses of ⌶ and ⍀ are in agreement with experiment, the nucleon mass differs most from experiment among the octet, being larger by 10%, and the ⌬ among the decuplet by 13%. This pattern of disagreement suggests that finite-size effects sizably distort light baryon masses for an LaϷ2.5 fm spatial size employed in our study. We leave detailed finite-size analyses in full QCD for future investigations, however. The sea quark effects in the meson sector have an interesting consequence that the light quark masses decrease by about 25% in two-flavor full QCD compared to quenched QCD. An inconsistency of 20-30 % in the strange quark mass for quenched QCD, depending on the particle used as input, disappears in full QCD within the errors of 5-10 %.
In contrast to the encouraging results above, meson decay constants exhibit large scaling violations which obstruct a continuum extrapolation. We have found this trend to be common through light pseudoscalar and vector decay constants of this work as well as in heavy-light decay constants ͓33,34͔. Possibly this problem arises from two-loop and higher order corrections in the renormalization factors not included in our analyses. An indication for this explanation is given by a much flatter behavior of vector meson decay constants when using a non-perturbative renormalization factor derived from a conserved vector current.
While we consider that the present work has brought sizable progress in our effort toward fully realistic simulations of QCD, it is also clear that a number of gaps have to be filled in future studies. One of them is an examination of finite-size effects, particularly for baryons. Another is the exploration of lighter values of sea quark masses below m PS /m V Ϸ0.6 for better control of the chiral extrapolation, and generation of data at more points in the lattice spacing for a better control of continuum extrapolations. Important in the latter context will be the use of non-perturbative improvement coefficients and renormalization factors. Finally, the inclusion of a dynamical strange quark will be necessary to remove the last uncontrolled approximation.
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APPENDIX A: HADRON MASSES
In Tables XXI-XXIII we set out the hadron masses measured in full QCD simulations. We list fitting ranges, 2 /N DF and masses in lattice units for all values of ␤ and all combinations of sea and val (i) . We quote errors determined with the jack-knife method with a bin size of 10 configurations or 50 HMC trajectories. 
APPENDIX B: JACK-KNIFE ANALYSIS FOR FULL QCD SIMULATIONS
In quenched simulations masses of hadrons with different quark content are obtained from the same gauge configurations and are therefore correlated. Often the quality of data does not allow a correlated chiral extrapolation and it is usual practice to resort to uncorrelated fits. By using the jack-knife method, errors of fit parameters can still be correctly determined.
At first sight the situation seems simpler for full QCD with valence quarks equal to sea quarks. Separate runs have to be made for different sea quark masses, and are manifestly uncorrelated. Errors on parameters of chiral fits can be correctly calculated from an uncorrelated 2 fit. Nevertheless, the jack-knife method is extremely useful even in this case. Since the fit parameters are often highly correlated, the determination of the error of derived quantities cannot be made with naive error propagation. The jack-knife method takes such correlations into account correctly. Moreover, in the setup of two-flavor QCD, entire sets of hadron masses with different valence quark content are measured on the same configurations created with a given sea hopping parameter.
Combined fits according to the method of Sec. IV have correlations between some of the data, and therefore one is in a similar situation to quenched QCD.
A difference from quenched QCD is that there are as many sets of gauge configurations as sea quarks in the simulation. They are mutually independent and can differ in number between runs with various sea quarks. A generalization is implemented in the following way. First, hadron masses are determined with the usual jack-knife method. This yields mass estimates m H (J)i ( sea k ) for each jack-knife ensemble obtained by omitting the gauge configuration number i from the run with sea hopping parameter number k. Mean values and variances are defined by ) for the sea hopping parameter number k while keeping masses at all other sea hopping parameters at their mean value. This procedure gives error estimates (⌬ P) k as above, where P stands for a fit parameter or a quantity derived from fit parameters. Since runs at different sea quarks are uncorrelated, the total error ⌬ P is determined by quadratic addition (⌬ P)
Errors quoted throughout this paper are determined with this method.
APPENDIX C: RENORMALIZATION FACTORS AND IMPROVEMENT COEFFICIENTS
In this appendix we summarize renormalization factors and improvement coefficients used in the calculation of matrix elements and quark masses. Perturbative calculations to one loop have been carried out in Refs. ͓36,60͔.
For the coupling constant we adopt a mean-field improved value ͓61͔ in the modified minimal subtraction (MS) scheme obtained in the following way. We start with the one-loop perturbative relation between the bare and MS couplings for the RG improved gauge action and the O(a)-improved Wilson quark action ͓60͔,
͑C1͒
The formula is reorganized so that 1/g 2 becomes the coefficient in front of F 2 in the continuum limit after the mean field approximation. Using the one-loop expressions ͓24͔ P ϭ1Ϫ0.1402g 2 and Rϭ1Ϫ0.2689g 2 for the expectation value of the plaquette Pϭ͗W 1ϫ1 ͘ and the 1ϫ2 rectangle Rϭ͗W 1ϫ2 ͘, we obtain the relation
Tadpole-improvement is realized by using nonperturbatively measured values of P and R. For full QCD we use values extrapolated to the chiral limit of the sea quark. Numerical values of P and R used in the calculation are given in Tables  XXIV and XXV. As an alternative we define the tadpole improved coupling constant with the usual procedure which only uses the plaquette P,
͑C3͒
The VWI quark mass is renormalized with Similarly, the renormalized vector current V R is obtained from the bare local vector current V n ϭ n ␥ n and T n ϭ n i n through 
